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A B S T R A C T   

Pancreatic ductal adenocarcinoma (PDAC) is a highly fatal malignancy that is characterized by an immuno-
suppressive microenvironment. The immune suppression in PDAC is largely driven by heterogeneous stromal and 
tumor cells. However, how adipocyte in the tumor microenvironment (TME) is related to the immune cell 
infiltration in PDAC has rarely been published. We identified adipocytes by performing bioinformatics analyses, 
and explored the clinical outcomes and TME characters in PDAC with different levels of adipocyte infiltration. 
Interestingly, in contrast to adiposity, high adipocyte infiltration in the TME was related to significantly 
increased median overall survival and a lower total tumor mutational burden. Functionally, high adipocyte 
infiltration was associated with the immune response, particularly with the abundant cytokine infiltration in 
PDAC samples. Moreover, adipocyte infiltration in the TME was positively associated with anticancer signatures 
in the immune microenvironment. Immunohistochemistry and RT-PCR were performed with PDAC tissue sam-
ples from our center to study the expression of adipocytes in PDAC. The mature adipocytes were strongly 
associated with the immune composition and prognosis of patients with PDAC. Primary adipocytes were isolated 
from mice to construct a PDAC transplantation tumor model. In vivo experiments showed that adipocytes elicited 
increased CD8+ T cell infiltration and potent antitumor activity in tumor-bearing mice. Overall, we innovatively 
found that adipocytes facilitated the antitumor immune response in the TME by performing mouse experiments 
and analyzing PDAC samples. This study provides a new perspective on the activation of the immune micro-
environment in PDAC.   

Introduction 

Pancreatic ductal adenocarcinoma (PDAC) has been and remains a 
highly fatal malignancy with a 5-year overall survival rate of only about 
7%, as approximately 80–85% of patients present either unresectable or 
metastatic disease due to the lack of symptoms when the cancer is still 
localized [1]. Only 20% of patients survive at 5 years following surgery, 
even patients who are diagnosed with a resectable tumor [2]. Further-
more, combination chemotherapy and radiotherapy induce only 
short-lived partial remission or stable disease in newly diagnosed pa-
tients [3,4]. Only <1% of patients with PDAC presenting microsatellite 

instability may benefit from immune checkpoint blockers (ICBs) tar-
geting programmed death ligand-1 (PD-L1)/programmed cell death 
protein-1 (PD-1) [5]. Classically, PDAC exhibits an immunologically 
‘‘cold’’ tumor microenvironment (TME) that is characterized by the 
prominent infiltration of tumor-promoting immune cells, such as 
myeloid-derived suppressor cells (MDSCs), and is typically devoid of 
CD8+ T cells [6,7]. PDAC has an abundant tumor stroma that includes a 
heterogeneous mixture of immune cells, endothelial cells, fibroblasts 
and adipocytes [8]. The immunosuppressive microenvironment of 
PDAC is driven by dynamic interactions between immune cells and a 
variety of cells and other components in host tissue [9] 
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Obesity, especially central adiposity, is an important risk factor for 
the development of pancreatic cancer [10]. Excess body weight is esti-
mated to contribute to approximately 6% (10,300 cases) of pancreatic 
cancer cases in men and 7% (11,200 cases) in women worldwide [11]. 
Regarding the systemic links between adiposity and cancer, hyper-
insulinemia and insulin resistance, which are associated with an 
elevated cancer risk, are frequently present in obese patients with PDAC 
[12,13]. In addition to abnormal leptin and adiponectin levels, the obese 
state leads to the secretion of chemokines and inflammatory cytokines 
from adipose tissue [14,15]. These mediators enter the circulation and 
lead to systemic inflammation [16]. TME of PDAC may be influenced by 
systemic inflammatory factors derived from obese tissue that trigger 
inflammatory signaling pathways [17]. Adipose tissue adjacent to the 
tumor might also serve as a source of energy and growth factors not only 
for tumor cells but also for immune and stromal cells within the TME 
[18,19]. In summary, many experimental and molecular epidemiolog-
ical studies have explored the relationship between excess adiposity and 
PDAC. 

However, less research has been conducted on cancer-associated 
adipocytes (CAAs) in PDAC, and the role of adipocytes infiltrating the 
PDAC environment remains unclear. Here, we conducted a study of 
human samples and mouse experiments to investigate adipocyte infil-
tration in PDAC and to determine the role of CAAs in the patient out-
comes and tumor immune microenvironment. 

Results 

High adipocyte infiltration predicts better outcomes of PDAC 

The RNA-sequencing data of 186 patients were collected from the 
TCGA-PAAD dataset. A total of 142 PDAC patients with OS information 
remained for subsequent bioinformatic analysis after non-ductal- 
derived tumors were excluded. Among these patients, 129 had com-
plete clinical information available (Table 1). A total of 167 normal 
samples were downloaded from the GTEx project to compensate for the 
insufficiency in normal tissue samples in the TCGA-PAAD dataset. Adi-
pocytes were annotated based on gene signatures, and then a single- 
sample gene set enrichment analysis (ssGSEA) was conducted to esti-
mate the adipocyte infiltration score (adipocyte IS). First, we annotated 

adipocytes and estimated the adipocyte IS with 21 gene signatures based 
on xCell. PDAC tissue had a lower adipocyte IS than normal tissue 
(Fig. 1A). PDAC patients were divided into two groups (high and low 
adipocyte IS groups) based on the median IS (Fig. 1B). We investigated 
whether the adipocyte IS was associated with prognosis in PDAC pa-
tients. The results showed that the median OS of patients was signifi-
cantly longer in the high adipocyte IS group than in the low adipocyte IS 
group (Fig. 1C; P=0.0002). Next, we annotated adipocytes and esti-
mated the adipocyte IS with 26 gene signatures based on CellMarker to 
verify the role of adipocytes. As expected, the adipocyte IS based on 
CellMarker was relatively low in PDAC (Fig. 1D). According to OS 
analysis, patients with a high adipocyte IS based on CellMarker showed 
prolonged OS compared with those with a low adipocyte IS (Fig. 1E, F; 
P=0.0025). In addition, we divided PDAC patients into two groups with 
another threshold: the high adipocyte IS (score>0) and low adipocyte IS 
(score<0) groups (Fig. S1A, C). The same results were found, showing 
that the patients in the high adipocyte IS group had a better prognosis 
than those in the low adipocyte IS group (Fig. S1B, D). Furthermore, 
immunohistochemical (IHC) staining of tumor tissue samples from pa-
tients with PDAC was performed to confirm that adipocytes commonly 
infiltrated the PDAC TME (Fig. 1G). For a deeper exploration of the 
involvement of adipocytes in PDAC progression, we isolated adipocytes 
from the abdominal cavity of healthy C57BL/6 mice. A low ratio of 
adipocytes to PDAC tumor cells was co-injected subcutaneously in 
C57BL/6 mice (Fig. 1H). Mice with the adipocyte co-injection showed 
substantial decreases in tumor growth compared to mice injected with 
tumor cells alone (Fig. 1I, J). Along with the analysis of samples from 
patients with PDAC, these results suggested that adipocytes inhibited 
PDAC progression. 

Patients with high adipocyte infiltration have a lower tumor mutational 
burden (TMB) 

Among the PDAC patients in the study, 122 patients with TMB data 
were enrolled in the following analysis. In addition, one patient whose 
TMB score deviated substantially from those of the other patients was 
excluded from this analysis. First, we calculated the total TMB of every 
patient and compared it between the two groups. The results showed 
that the patients in the high adipocyte IS group had a lower total TMB 
than those in the low adipocyte IS group (Fig. 2A, B). Next, we inves-
tigated the most frequent somatic mutations in the two groups. The 
mutation percentage refers to the percentage of samples harboring 
mutations in the top 20 genes among all samples. Interestingly, the 
mutation percentage was significantly different between the high 
adipocyte IS group and the low adipocyte IS group. However, the top 5 
genes with somatic mutations were similar. As shown in the waterfall 
plot, the mutation percentage was 60% in the high adipocyte IS group. 
The 5 genes with the most frequent somatic mutations were TP53, KRAS, 
CDKN2A, TTN, and SMAD4 (Fig. 2C). In the low adipocyte IS group, the 
mutation percentage was 96.72%, and the 5 genes with the most 
frequent somatic mutations were KRAS, TP53, SMAD4, CDKN2A, and 
RNF43 (Fig. 2E). The co-occurrence and mutual exclusion among 
mutated genes were significantly different between the high adipocyte 
IS group and the low adipocyte IS group. In the high adipocyte IS group, 
co-occurrence of mutated genes was extremely common. The co- 
occurring mutated genes with more significant differences were the 
pairs TP53-KRAS, TP53-CDKN2A, TP53-TNN, KRAS-TNN, CDKN2A- 
ASTN1 and CDKN2A-SMAD4. Mutual exclusion was almost not 
observed (Fig. 2D). The TP53 and CDKN2A genes had the most co- 
occurring mutations in the high adipocyte IS group. Thus, as well- 
established highly recurrent mutations in PDAC, TP53 and CDKN2A 
were often accompanied by other mutations and affected the TME. 
CDKN2A is frequently mutated in PDAC and is known to be an important 
tumor suppressor gene that might synergize with TP53 to exert a tumor 
suppressor effect. The result suggested that the mutation of CDKN2A 
may cooperate with SMAD4 and ASTN1 mutations to affect tumor 

Table 1 
Characteristics of patients with PDAC in TCGA database.  

Characteristics Statistics   

Number % 
Age   

Young 61 47 
Older 68 53 

Sex   
Female 61 47 
Male 68 53 

TNM stage   
Not reported 1 0.8 
I-II 122 94.6 
III-IV 6 4.6 

Lymph node status   
Positive 36 28 
Negative 93 72 

Neoplasm histological grade   
G1 16 12 
G2 76 59 
G3 37 29 

History of chronic pancreatitis   
Not reported 28 22 
Yes 10 8 
No 91 70 

History of diabetes   
Not reported 23 18 
Yes 28 22 
No 78 60  
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Fig. 1. Adipocyte infiltration in pancreatic tissue and the association with prognosis in PDAC. (A) Adipocyte infiltration scores (based on xCell) in normal 
tissue (GTEx, n=167) and PDAC tissue (TCGA, n=142). (B) PDAC patients were divided into two groups, the high adipocyte IS and low adipocyte IS groups, based on 
the median infiltration score (based on xCell). (C) Kaplan–Meier analysis of OS comparing the high adipocyte IS group (n=71) and low adipocyte IS group (n=71) in 
the TCGA (based on xCell). (D) Adipocyte infiltration scores (based on CellMarker) in normal tissue (GTEx, n=167) and PDAC tissue (TCGA, n=142). (E) PDAC 
patients were divided into two groups, the high adipocyte IS and low adipocyte IS groups, based on the median infiltration score (based on CellMarker). (F) 
Kaplan–Meier analysis of OS comparing the high adipocyte IS group (n=71) and low adipocyte IS group (n=71) in the TCGA (based on CellMarker). (G) Repre-
sentative images of IHC staining for adipocytes in PDAC tissue from the FUSCC. (H) Schematic diagram depicting the construction of the mouse model transplanted 
with primary adipocytes and tumor cells. (I, J) Adipocytes (1 × 105 cells, 5 × 104 cells, or 1 × 104 cells) and Pan02 cells (5 × 105 cells) were co-injected 
subcutaneously into C57BL/6 mice. Growth curves of subcutaneous tumors were recorded (n=4 mice/group). 
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Fig. 2. Patients with high adipocyte infiltration have a lower TMB. (A, B) Violin plot of the TMB in the high adipocyte IS group (n=71) and low adipocyte IS 
group (n=71) in the TCGA (based on xCell and CellMarker). (C) Waterfall plot visualizing the top 20 mutated genes in the high adipocyte IS group (based on 
CellMarker). (D) The co-occurrence and mutual exclusion of mutated genes in the high adipocyte IS group (based on CellMarker). (E) Waterfall plot visualizing the 
top 20 mutated genes in the low adipocyte IS group (based on CellMarker). (F) The co-occurrence and mutual exclusion of mutated genes in the low adipocyte IS 
group (based on CellMarker). 
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progression in patients with PDAC. In contrast, the pairs KRAS-APOB 
and TP53-SMAD4 exhibited mutual exclusion with more significant 
differences. The co-occurring mutated genes with more significant dif-
ferences were the pairs TNN-FBXW7 and ARID1A-APOB (Fig. 2F). In 
addition, the mutation percentage showed a similar significant differ-
ence when the adipocyte IS was calculated based on xCell compared 

with CellMarker. The mutation percentage was 93.44% in the low 
adipocyte IS group and 66.67% in the high adipocyte IS group (Fig. S2A, 
C). There were similar co-occurrence and mutual exclusion profiles for 
mutated genes in the two groups when xCell was used rather than 
CellMarker (Fig. S2B, D). In addition, TP53 and KRAS, the 2 genes with 
the most frequent somatic mutations, were subjected to mutation 

Fig. 3. High adipocyte infiltration is 
associated with abundant cytokine 
expression. (A) Volcano plot of 1591 
differentially expressed genes between the 
high adipocyte IS group and low adipocyte IS 
group (LogFC > 1 and FDR < 0.05, based on 
CellMarker)). (B) Heatmap of the 50 most 
differentially expressed genes between the 
high adipocyte IS group and low adipocyte IS 
group (based on CellMarker). (C) Venn dia-
gram of the 50 most differentially expressed 
genes based on xCell and CellMarker. (D) GO 
analysis revealing the top 10 potential func-
tions of the differentially expressed genes. 
The size of round symbols refers to the 
counts of enriched genes. (E) GSEA showing 
the differentially enriched pathways of the 
differentially expressed genes. (F, G) Differ-
ences in the levels of 30 cytokines between 
the high adipocyte IS group and low adipo-
cyte IS group.   
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analysis separately (Fig. S3). In summary, samples in the low adipocyte 
IS group had a higher total TMB and more frequent somatic mutations 
than samples in the high adipocyte IS group. As shown in our previous 
study, a low TMB predicted a better prognosis and anti-tumor immune 
microenvironment in PDAC [20]. The analysis of the clinical outcomes 
shown in Fig. 1 was consistent with the previous study, and the asso-
ciation between adipocytes and immune cell infiltration in PDAC will be 

explored next. 

High adipocyte infiltration is associated with abundant cytokine expression 

We identified DEGs and their potential functions in the two groups. 
With strict screening criteria, all DEGs were identified (Fig. 3A; Fig. S4A, 
B). Then, the 50 top DEGs between the high adipocyte IS group and the 

Fig. 4. The correlation between adipocyte infiltration and the immune microenvironment in PDAC. (A) Compositions of 22 immune cell types in patients from 
the TCGA. (B, C) Differences between the high adipocyte IS group and low adipocyte IS group in terms of the 22 immune signatures. (D, E) Correlations of the 
adipocyte IS with CTLA4 and PDCD1. (F) Representative images of IHC staining for CD8 in PDAC tissue from the FUSCC. 

X. Liu et al.                                                                                                                                                                                                                                      



Translational Oncology 27 (2023) 101561

7

low adipocyte IS group were identified (Fig. 3B; Fig. S4C). Among the 50 
top DEGs, 33 were the same between the xCell annotation analysis and 
CellMarker annotation analysis (Fig. 3C). Thus, these two annotation 
analyses of adipocytes were highly consistent and their use to define 
adipocytes was feasible. Gene ontology (GO) analysis revealed that the 
DEGs were enriched in immune response terms, such as adaptive im-
mune response, humoral immune response and inflammatory response. 
In addition, we also observed that these genes might be involved in 
cytokine receptor-associated functions (Fig. 3D). Furthermore, GO 
analysis of infiltrating adipocytes based on xCell showed that the iden-
tified genes were also enriched in immune response terms, such as hu-
moral immune response mediated by circulating immunoglobulin, 
immunoglobulin mediated immune response and B cell mediated im-
munity (Fig. S4D). Here, we showed that adipocyte infiltration might 
affect the immune response and regulate remodeling of the immune 
microenvironment in PDAC. Furthermore, we performed GSEA to 
identify the upregulation or downregulation of pathways in groups with 
differences in adipocyte infiltration. Corresponding to the GO analysis 
results, pathways associated with the immune response, such as the 
chemokine signaling pathway and cytokine− cytokine receptor interac-
tion, were enriched in patients with PDAC presenting high adipocyte 
infiltration (Fig. 3E; Fig. S3E). We further analyzed the relationship 
between adipocyte infiltration and cytokine expression. A considerable 
number of cytokines showed differences in expression between the two 
groups (Fig. 3F). Furthermore, more abundant cytokine expression was 
detected in patients with PDAC presenting high adipocyte infiltration 
(Fig. 3G). 

Adipocyte infiltration is related to anti-tumor immune microenvironment 
in PDAC 

According to the above results, we next analyzed the association 
between adipocyte infiltration and immune cell infiltration in PDAC. 
First, we calculated the frequencies and compositions of 22 immune cell 
types in patients in the TCGA using the CIBERSORT algorithm (Fig. 4A). 
Then, we investigated the differences between the high adipocyte IS 
group and the low adipocyte IS group in terms of the 22 immune sig-
natures. The most significantly different immune cells between the 
groups were naïve B cells and CD8+ T cells. Moreover, the results 
showed that these two types of immune cells were highly accumulated in 
the high adipocyte IS group compared with the low adipocyte IS group. 
In contrast, M0 macrophages and suppressive immune cells, such as 
regulatory T cells (Tregs), were highly accumulated in the low adipocyte 
IS group (Fig. 4B, C). Next, we used ssGSEA to calculate the enrichment 
of 29 immune signatures and further analyzed their correlations with 
the adipocyte IS in the TCGA database and MTAB database (Fig. S5A, B). 
The results showed that the adipocyte IS was positively associated with 
many anticancer signatures, such as those for CD8+ T cells, activated 
natural killer (NK) cells, T helper 1 (Th1) cells and M1 macrophages. 
However, the adipocyte IS was also positively correlated with M2 
macrophages, a type of suppressive immune cell. Significantly positive 
correlations were observed between the adipocyte IS and immune 
checkpoints such as CTLA4 and PDCD1 (Fig. 4D, E). The positive cor-
relation between CD274 and the adipocyte IS was not significant 
(Fig. S4C). Adipocyte infiltration may alter the expression of some im-
mune checkpoints. Furthermore, IHC staining of tumor tissue from pa-
tients with PDAC revealed more CD8+ cells in the region containing 
infiltrating adipocytes than in the other stromal regions in PDAC tissues 
(Fig. 4F). Overall, the adipocyte IS was associated with immune cell 
compositions in the TME, despite slight differences in the results 
generated with different algorithms. Generally, adipocyte infiltration 
was positively associated with anticancer signatures in the immune 
microenvironment. 

Adipocyte infiltration is associated with prognosis and the immune 
microenvironment in PDAC patients 

FABP4, which is expressed in only mature adipocytes, was detected 
in PDAC tissue samples from the Fudan University Shanghai Cancer 
Center (FUSCC) to validate the results from the bioinformatics analysis 
(Table 2). The RT-PCR analysis of tissues from the FUSCC showed that 
FABP4 was expressed at high levels in adjacent tissues compared with 
tumor tissues (Fig. 5A). Next, we sought to determine whether FABP4 
affects the survival of PDAC patients. The data from our center showed 
that FABP4 expression was positively correlated with the median OS of 
patients (Fig. 5B). Furthermore, analysis of data from the TCGA vali-
dated the positive correlation between prognosis and FABP4 (Fig. 5C). 
Additionally, we explored the relationship between FABP4 and the im-
mune composition in the PDAC TME. Interestingly, FABP4 expression 
was strongly positively correlated with CD8+ T cell infiltration in PDAC 
(r = 0.453, P < 0.001) compared with other tumors (Fig. 5D, E). In 
addition, FABP4 had a strong negative association with myeloid-derived 
suppressor cell (MDSC) infiltration in PDAC (r=− 0.497, P < 0.001) in 
contrast with other tumors (Fig. 5D, F). These results suggested that 
FABP4 might have a more significant role in PDAC than in other tumors. 
IHC staining of tissues from the FUSCC indicated that FABP4 was 
commonly expressed in adipocytes in PDAC samples. There were also 
many CD8+ T cells among the cells highly expressing FABP4 (Fig. 5G). 
Overall, FABP4 was commonly expressed in adipocytes in the PDAC 
TME. FABP4 expression was positively associated with CD8+ T cells and 
negatively associated with MDSCs in PDAC. These associations are a 
possible reason that FABP4 was positively correlated with a better 
prognosis. 

RT-PCR was used to detect the expression of 21 genes that defined 
adipocytes based on the xCell algorithm in tumor tissues from FUSCC as 
a method to better validate the role of adipocytes in PDAC. Then ssGSEA 
was conducted to estimate adipocyte infiltration in PDAC, and patients 
were divided into two groups based on the level of adipocyte infiltration 
(Fig. 6A). Next, data from our center showed that adipocyte infiltration 
was positively correlated with the median OS of PDAC patients (Fig. 6B). 
IHC staining of corresponding tumor tissues from FUSCC used in the 
ssGSEA analysis showed that more CD8+ T cells were present in PDAC 
with high adipocyte infiltration (Fig. 6C). This result is consistent with 
the bioinformatics analysis shown in Fig. 4. We detected the expression 
of cytokines that showed significant differences in Fig. 3 to explore the 
relationship between cytokine infiltration and adipocyte infiltration in 

Table 2 
Characteristics of patients with PDAC treated at the FUSCC.  

Characteristics Statistics   

Number % 
Age   
>60 years 31 44 
≤60 years 39 56 

Sex   
Female 30 43 
Male 40 57 

TNM stage   
I-IIa 38 54 
IIb-IV 32 46 

Tumor size   
≥4.0 cm 18 26 
<4.0 cm 52 74 

Histological grade   
Low 31 44 
High/moderate 39 56 

Lymph node status   
Positive 37 53 
Negative 33 47 

CA19-9 ≥ 37 U/mL   
Yes 61 87 
No 9 13  
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tumor tissues from patients treated at FUSCC. The results also showed 
more abundant cytokines, especially chemokines, in tumor tissues with 
high adipocyte infiltration (Fig. 6D). Chemokines are best known for 
their roles in recruiting immune cells into the TME, and exert distinct 
effects on tumor progression [21]. Different immune cell subsets are 

recruited into the TME by different chemokines, and the specific che-
mokine population ratio determines the abundance of anticancer im-
mune cells in PDAC with high adipocyte infiltration. However, further 
studies are needed to explore whether these cytokines play roles in 
immune checkpoint activation. 

Fig. 5. FABP4 is associated with prognosis and the immune microenvironment in PDAC. (A) mRNA expression of FABP4 in 68 paired PDAC tissues (adjacent 
tumor tissue and tumor tissue) from the FUSCC. (B) Kaplan–Meier analysis of OS comparing samples in the high FABP4 group (n=35) and those in the low FABP4 
group (n=35) from the FUSCC. (C) Kaplan–Meier analysis of OS comparing the high FABP4 group (n=38) and low FABP4 group (n=38) from the TCGA. (D) 
Correlations of FABP4 and CD8+ T cells or MDSCs in tumors. (E) FABP4 expression was positively associated with CD8+ T cells in PDAC based on the TCGA dataset. 
(F) FABP4 expression was negatively associated with MDSCs in PDAC based on the TCGA dataset. (G) Representative images of IHC staining for FABP4 and CD8 in 
PDAC tissues from the FUSCC. 
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Adipocytes elicit increased antitumor immune cell infiltration in tumor- 
bearing mice 

We performed a flow cytometry analysis of tumor-infiltrating im-
mune cells collected from subcutaneous tumor tissue samples from 
C57BL/6 mice to further investigate the role of adipocytes in immune 
cell infiltration into PDAC. A substantial increase in the number of CD3+
CD8+ T cells was observed in mouse tumor tissues co-injected with 
adipocytes compared to mice injected with tumor cells alone (Fig. 7A, 
C). Consistent with the flow cytometry analysis, IHC staining showed the 
same increase in the number of CD8+ T cells in mouse tumor tissues co- 
injected with adipocytes (Fig. 7B, D). These results indicated the 
involvement of adipocytes in antitumor immune cell infiltration in 
tumor-bearing mice. 

Overall, we found that adipocyte infiltration in the TME facilitated 
abundant cytokine infiltration and was positively associated with anti-
cancer immune signatures in PDAC according to the bioinformatics 
analysis and in vitro experiments (Fig. 8). Our results provide a new 
perspective on the activation of the immune microenvironment in 
PDAC. 

Discussion 

Epidemiological evidence implicates obesity as a risk factor for the 
development of pancreatic cancer [22]. Additionally, a higher 
pre-diagnosis BMI is associated with shorter survival among patients 
with pancreatic cancer [23]. However, a relationship has not been 
observed between BMI after diagnosis and the survival of patients with 
pancreatic cancer, and research on the role of infiltrating adipocytes in 
PDAC progression has not been conducted. In the present study, we 
detected a lower number of adipocytes infiltrating the tumor than the 
normal tissue, and this value was positively associated with the prog-
nosis. In contrast to obesity, adipocytes infiltrating the TME seem to be a 
protective factor for patients with PDAC. An intensely desmoplastic 

stroma is one of the hallmarks of PDAC, and it may limit the infiltration 
of adipocytes to some extent [24]. Given the relatively low proportion of 
adipocytes infiltrating the PDAC tumor tissue, a lower ratio of adipo-
cytes to tumor cells was co-injected in the mouse PDAC transplantation 
model. The limited number of adipocytes exerted an antitumor effect on 
tumor growth in the mouse PDAC model. However, additional studies 
are needed to elucidate whether adipocytes that are actively infiltrating 
play the same role in tumor development. 

Mutations in KRAS were first associated with PDAC and were sup-
ported by genetically engineered mouse models of the disease [25]. 
KRAS mutation is necessary but not sufficient for PDAC development. 
Many additional mutations, such as TP53, SMAD4 and CDKN2A muta-
tions, and environmental conditions, including obesity and inflamma-
tion, markedly accelerate PDAC development in mouse models. 
However, KRAS activity was not significantly different between 
pancreas samples from obese and lean mice [26]. According to our 
bioinformatics analysis, patients with low adipocyte infiltration have 
higher somatic mutation frequencies. In the low adipocyte IS group, the 
5 genes with most frequent somatic mutations were KRAS, TP53, 
SMAD4, CDKN2A, and RNF43. In the high adipocyte IS group, the 5 
genes with most frequent somatic mutations were TP53, KRAS, 
CDKN2A, TTN, and SMAD4. Apparently, genes with mutations in the 
low adipocyte IS group were more consistent with common gene mu-
tations in PDAC. Mutations in these genes might influence adipocyte 
infiltration in the TME by regulating cytokine and chemokine produc-
tion. An overall high mutational burden may be detrimental to adipo-
cyte infiltration, and these co-mutated genes may exert similar or 
synergistic effects on adipocyte infiltration. However, this study of the 
mutation burden has limitations. PDAC is characterized by an abundant 
tumor stroma and the cells with a non-cancerous genome may impact 
the TMB estimate [27]. The mutation burden of PDAC might be affected 
by intra-tumoral infiltrating adipocytes, and thus the correlation with 
the TMB may be partially biased by the tumor specimen. 

Obesity alters circulating factors associated with a systemic 

Fig. 6. Adipocyte infiltration is associated with prognosis and the immune microenvironment in PDAC. (A) Adipocyte infiltration scores for PDAC tissues 
from the FUSCC (n=70). (B) Kaplan–Meier analysis of OS comparing samples in the high adipocyte infiltration group (n=35) and those in the low adipocyte 
infiltration group (n=35) from the FUSCC. (C) Representative images of IHC staining for CD8 in PDAC tissues from the FUSCC. (D) Differences in the expression of 
cytokines in PDAC samples from the FUSCC with different levels adipocyte infiltration. 
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inflammatory state, including leptin, IL-6, IFNγ, TNF, growth factors and 
a range of chemokines [28,29]. These alterations induce changes in the 
frequencies of circulating immune cells, including decreased numbers of 
activated CD8+ cytotoxic T lymphocytes and Treg cells and increased 
numbers of M1-type macrophages, CD4+ T cells, B cells and NK cells 
[30,31]. However, changes in circulating immune cells appear to 

depend on the extent of obesity. In this study, pathways associated with 
the immune response, such as the chemokine signaling pathway and 
cytokine− cytokine receptor interaction, were enriched in patients with 
PDAC presenting high adipocyte infiltration. PDAC is an immunologi-
cally “cold” tumor with few immune cells [32]. Adipocyte-induced 
chemokine and cytokine production may help change this situation. 

Fig. 7. Adipocytes elicit increased antitumor immune infiltration in tumor-bearing mice. (A, C) Numbers of CD3+CD8+ T cells in subcutaneous tumors from 
each group were measured using flow cytometry. (B, D) Representative images and quantification of IHC staining for CD8 in tumor tissues from each group of mice. 
Scale bar, 200 µm. 
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Adipocyte infiltration is positively associated with anticancer signatures 
in the immune microenvironment, such as CD8+ T cells and activated 
NK cells. FABP4, which is expressed only in mature adipocytes, was 
detected in PDAC tissues. FABP4 was positively correlated with CD8+ T 
cells and negatively correlated with MDSCs both in TCGA database and 
tumor tissues from the FUSCC. Additionally, high FABP4 expression 
predicted a better prognosis. However, this study had limitation, the 
inhomogeneity of specimens produced some discrepancies. Because of 
the limitation of experimental conditions, we only detected FABP4 
expression in tumor tissue but not the expression of a cluster of signature 
genes. This study is simply a correlation study, the mechanism under-
lying the role of adipocyte infiltrating in the TME requires more 
exploration. 

In conclusion, according to the bioinformatics analysis and in vitro 
experiments, we found the high adipocyte IS in the TME predicted a 
significantly longer median overall survival. Samples with low adipo-
cyte infiltration had a higher TMB and more frequent somatic mutations. 
Differentially expressed genes were functionally enriched in pathways 
associated with the immune response. Adipocyte infiltration in the TME 
was positively associated with anticancer immune signatures. Overall, 
we innovatively explored the function of adipocytes infiltrating the TME 
by performing bioinformatics analyses, in vitro experiments, and mouse 
experiments. Our results provide a new perspective on the role of CAAs 
in PDAC. 

Materials and methods 

Data sources and selection 

RNA-sequencing data were collected from The Cancer Genome Atlas 
(TCGA)-pancreatic adenocarcinoma (PAAD) dataset [33]. According to 
the annotations of TCGA-PAAD, we excluded non-ductal-derived tumors 
and normal adjacent samples. Only PDAC samples remained for subse-
quent bioinformatic analysis. Normal samples were collected from the 
Genotype-Tissue Expression (GTEx) project to compensate for the 
insufficiency of normal tissues in TCGA-PAAD dataset. Clinical data such 
as overall survival (OS) were also downloaded from the abovementioned 
datasets. 

Estimation of the intra-tumoral infiltrated adipocyte score 

An ssGSEA analysis was conducted to calculated the expression 

levels of intratumoral infiltrated adipocytes using the Gene Set Variation 
Analysis (GSVA) package (v1.30.0) [34] ssGSEA enrichment scores were 
calculated using gene sets comprised of genes characteristic of adipocyte 
infiltration signatures. Adipocyte infiltration was annotated with xCell, 
a bioinformatics algorithm that defined adipocytes based on the 
expression pattern of 21 genes, as reported by Aran et al. [35]. Then, the 
results were validated and corrected with the CellMarker database, a 
manually curated resource of cell markers in human and mouse [36]. 
Each sample was labeled with an enrichment score for the specific 
hallmark gene signature. The samples were divided into two groups 
(high adipocyte IS and low adipocyte IS) based on the median infiltra-
tion score and were visualized in a scatter plot. The difference in survival 
between two groups was assessed by plotting Kaplan-Meier curves. The 
log rank test was performed to verify the statistical significance of the 
difference in survival. P < 0.05 was regarded as indicative of a signifi-
cant difference. 

Classification of tumor samples based on the total TMB score 

The TMB is a measure of the total number of mutations per megabyte 
of DNA in tumor tissue. We calculated the TMB using the “maftools” R 
package (version 2.2) [20,37]. A waterfall plot was constructed to 
visualize the top 20 genes that were most frequently mutated in the two 
groups. The co-occurrence and mutual exclusion of mutated genes were 
calculated in the two groups. 

Functional analysis 

The Wilcoxon test was used to detect the differences in gene 
expression between two groups with the “limma” R package (version 
3.4). The cutoff values to define the differentially expressed genes 
(DEGs) were log (fold change (FC)) > 0.5 and false discovery rate (FDR) 
< 0.05. For enrichment map, a ranked list of the DEGs was used to 
generate enrichment scores using the GSEA Preranked module of GSEA 
(v3.0). Given the symmetrical nature of the ranked list, the weighted 
statistic was applied. Hallmark and C2: Canonical Pathway gene sets 
were downloaded from the MSigDB database (v6.2) (http://software. 
broadinstitute.org/gsea/msigdb/genesets.jsp). 

Estimation of intratumoral infiltrated immune cells 

Three methods were used to estimate the fractions of immune cells in 

Fig. 8. Intra-tumoral adipocytes induce an antitumor immune response in PDAC.  
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the TME. First, we used the CIBERSORT algorithm to calculate the 
expression of markers of 22 immune cell types and their compositions of 
patients in TCGA. Second, ssGSEA was conducted to calculate the 
expression levels of 29 immunity-associated signatures using the ‘GSVA’ 
package (v1.30.0). Third, we estimated the proportions of infiltrated 
immune cells with Tumor Immune Estimation Resource (TIMER) 2.0 
(https://cistrome.shinyapps.io/timer/), where seven algorithms, 
comprising TIMER, EPIC, CIBERSORT, quanTIseq, xCell, MCP-counter 
and TIDE, were applied in the analysis [38]. The quantitative correla-
tion between the adipocyte IS and immune checkpoints was evaluated 
by calculating the Pearson correlation coefficient (r). 

IHC staining 

Clinical tissue samples used in this study for IHC were obtained from 
patients diagnosed with PDAC at FUSCC. Prior patient consent and 
approval from the Institutional Research Ethics Committee were ob-
tained. IHC staining of paraffin-embedded tissues with antibodies 
against FABP4 and CD8 was performed to detect FABP4 and CD8- 
positive cells using standard procedures [39]. The anti-FABP4 anti-
body (12802-1-AP, Proteintech) was used at a dilution of 1:100, and the 
anti-CD8 antibody (66868-1-Ig, Proteintech) was used at a dilution of 
1:4000. 

Quantitative real‑time PCR (qRT‑PCR) 

Sixty-eight paired PDAC samples were collected from histopatho-
logically and clinically diagnosed patients at the FUSCC. The expression 
levels of candidate genes were determined using the SYBR® Green 
Premix Pro Taq HS qPCR Kit (Rox Plus) AG11718. The primer sequences 
for FABP4 used in this study were as follows: forward primer, 
ACTGGGCCAGGAATTTGACG; and reverse primer, 
CTCGTGGAAGTGACGCCTT. 

Cell culture 

The Pan02 cell line was purchased from the National Infrastructure 
of Cell Line Resources. Cells were cultured in Dulbecco’s modified Ea-
gle’s medium (DMEM) supplemented with 10% fetal bovine serum 
(FBS), 100 units/mL penicillin, and 100 μg/mL streptomycin. 

Animal studies 

Six-week-old female nude mice and C57BL/6J mice were obtained 
from Shanghai SLAC Laboratory. All mice were housed and maintained 
under specific pathogen-free conditions and used in accordance with 
institutional guidelines. These mice were randomly divided into three 
subgroups (n=4 mice/group). Pan02 cells and adipocytes were subcu-
taneously inoculated into the left flanks of the mice. We determined the 
tumor size twice a week after the formation of palpable tumors and 
calculated the tumor volume using the following formula: length ×
width [2] × 0.5. At 3 weeks post-implantation, the tumor specimens 
were surgically dissected and digested for analysis with flow cytometry 
or fixed with paraformaldehyde and then subjected to IHC staining. The 
protocol was approved by the Committee on the Ethics of Animal Ex-
periments of FUSCC. 

Statistics 

The data were analyzed using SPSS software (V.21.0; IBM Corpora-
tion), GraphPad Prism (V.8.3; California, USA) or R (V.4.1.0). The cu-
mulative survival time was analyzed using the Kaplan–Meier method 
and log-rank test. Student’s t test or ANOVA was used for comparisons 
between groups. All statistical analyses were 2-sided, and P values <
0.05 were considered statistically significant. *P < 0.05, **P < 0.01, and 
***P < 0.001. 
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